CpsA, CpsB, CpsC, and CpsD are part of a tyrosine phosphorylation regulatory system involved in modulation of capsule synthesis in Streptococcus pneumoniae and many other gram-positive and gram-negative bacteria. Using an immunoblotting technique, we observed distinct laddering patterns of S. pneumoniae capsular polysaccharides of various serotypes and found that transfer of the polymer from the membrane to the cell wall was independent of size. Deletion of cps2A, cps2B, cps2C, or cps2D in the serotype 2 strain D39 did not affect the ability to transfer capsule to the cell wall. Deletion of cps2C or cps2D, which encode two domains of an autophosphorylating tyrosine kinase, resulted in the production of only short-chain polymers. The function of Cps2A is unknown, and the polymer laddering pattern of the cps2A deletion mutants appeared similar to that of the parent, although the total amount of capsule was decreased. Loss of Cps2B, a tyrosine phosphatase and a kinase inhibitor, resulted in an increase in capsule amount and a normal ladder pattern. However, Cps2B mutants exhibited reduced virulence following intravenous inoculation of mice and were unable to colonize the nasopharynx, suggesting a diminished capacity to sense or respond to these environments. In D39 and its isogenic mutants, the amounts of capsule and tyrosine-phosphorylated Cps2D (Cps2DϳP) correlated directly. In contrast, restoration of type 2 capsule production followed by deletion of cps2B in Rx1, a laboratory passaged D39 derivative containing multiple uncharacterized mutations, resulted in decreased capsule amounts but no alteration in Cps2DϳP levels. Thus, a factor outside the capsule locus, which is either missing or defective in the Rx1 background, is important in the control of capsule synthesis.
(13 with a disaccharide side chain of ␣-D-GlcpUA-(136)-␣-D-Glcp linked ␣-(132) from the first rhamnose in the backbone to the side chain glucose (38) . The genetic locus that encodes the enzymes required to produce the type 2 capsule is approximately 18 kb in length and is predicted to comprise a single operon (36) . The organization of the type 2 locus is similar to that found in all S. pneumoniae isolates, consisting of a central region unique to each capsule type (i.e., type specific) flanked upstream and downstream by regions common to all capsule types (4, 20, 22, 31) .
Production of most S. pneumoniae capsular polysaccharides, including type 2, is expected to occur via the formation of a lipid-linked repeat unit that is synthesized on the intracellular face of the membrane, exported to the cell surface, and polymerized (40, 63) . At some point during polymerization, the capsule is covalently linked to the cell wall (57) . Aspects of this mechanism occur in the synthesis of capsules from other streptococci, staphylococci, and many gram-negative bacteria. In type III Streptococcus agalactiae (group B streptococcus), the capsule is linked to the N-acetylglucosamine of the peptidoglycan backbone via a phosphodiester bond and an oligosaccharide linker (19) . One common finding among these diverse bacteria is the presence of homologous sequences in the capsule loci. In the S. pneumoniae type 2 locus, these sequences are represented by cps2A, cps2B, cps2C, and cps2D. Cps2A has homology to LytR, a transcriptional attenuator in Bacillus subtilis (31, 43) , and to CpsIaA in S. agalactiae, which has been linked to transcriptional regulation of capsule gene expression in that system (17) . Cps2B, Cps2C, and Cps2D are part of a phosphoregulatory system that is involved in modulation of capsule production (10, 50) . Cps2C and Cps2D represent the transmembrane activation domain and cytosolic ATPase domain, respectively, of an autophosphorylating tyrosine kinase. The Cps2C and Cps2D homologues in Escherichia coli, and a number of other gram-negative encapsulated bacteria, are expressed as a single protein (29, 37, 59, 66) . A possible role for CpsC and CpsD in the regulation of capsular polysaccharide chain length is suggested by their homology with ExoP from Sinorhizobium meliloti. ExoP, a protein similar to Wzc cps from Escherichia coli K30, is an autophosphorylating tyrosine kinase that is involved in modulation of the overall molecular size of the exopolysaccharide succinoglycan (EPS I) (8, 9, 27, 54) . The final common protein, Cps2B, is both a novel phosphotyrosine phosphatase that modulates Cps2D phosphorylation and a kinase inhibitor that may prevent the initial phosphorylation of Cps2D (10) . Deletion of cpsB in an S. pneumoniae strain ex-pressing the type 19F capsule resulted in the reduction of manganese-dependent cellular phosphatase activity (49) .
Previous work using the S. pneumoniae serotype 19F capsule expressed in the laboratory strain Rx1 (Rx1-19F) suggested that phosphorylated CpsD was a negative regulator of capsule production (50) . In contrast, Weiser et al. observed a positive correlation between capsule production and CpsD phosphorylation in S. pneumoniae clinical isolates (62) . The hypothesis that phosphorylation of CpsD is a positive modulator of capsule synthesis parallels data obtained with its homologue Wzc cps in the E. coli K30 system (66) . In the present study, we used an immunoblotting technique to analyze the molecular size of S. pneumoniae capsule in the type 2 parent D39 and its isogenic derivatives containing deletions of the common genes. Our results suggest that the phosphoregulatory system may interact with factors outside the capsule locus to positively affect capsule production.
MATERIALS AND METHODS
Bacterial strains, plasmids, and culture conditions. All bacterial strains and plasmids used in this study are listed in Table 1 . The Cps2A, Cps2C, and Cps2D mutants contain internal deletions comprising 50, 85, and 95% of the respective genes (3, 10) . Construction of the Cps2B mutants is described below. S. pneumoniae strains were grown in Todd-Hewitt broth supplemented with 0.5% yeast extract (THY) (Difco) or on blood agar base no. 2 (Difco) containing 3% defibrinated sheep blood (BAP) (Colorado Serum Company). E. coli DH5␣FЈ was grown and maintained in L broth (10 g of tryptone, 5 g of yeast extract, 5 g of NaCl, and 1 g of glucose per liter) or L agar (L broth with the addition of 15 g of Bacto agar per liter). Where appropriate, media were supplemented with erythromycin (Em) (0.3 g/ml for S. pneumoniae or 300 g/ml for E. coli) or ampicillin (Ap) (100 g/ml).
Fractionation of S. pneumoniae. S. pneumoniae cultures were grown to 3 ϫ 10 8 CFU/ml, and the cells were sedimented at 20,000 ϫ g for 15 min at 4°C. The pellets were washed once in phosphate-buffered saline (PBS) (140 mM NaCl, 3 mM KCl, 5 mM Na 2 HPO 4 , 2 mM KH 2 PO 4 [pH 7.4]), sedimented at 20,000 ϫ g for 15 min at 4°C, and resuspended in protoplast buffer (PPB) (20% sucrose, 50 mM MgSO 4 , 50 mM Tris [pH 7.4]) at 1/100 of the original culture volume. Forty units of mutanolysin (Sigma) were added to each milliliter of these extracts, which were then incubated at room temperature overnight. Under these conditions, the S. pneumoniae autolysin (LytA) is also active (72) . After incubation, formation of protoplasts was confirmed by using light microscopy. A portion of the reaction mixture was saved, and the remainder was sedimented at 20,000 ϫ g for 10 min at 4°C. The supernatant containing the cell wall fraction was filtered (0.22-m-pore-size syringe filter [Millipore] ) to remove any residual protoplasts or whole cells. The sedimented protoplasts were washed once in PPB and then resuspended in PPB to a volume equal to that of the cell wall extract. The cell wall and protoplast fractions were stored at Ϫ80°C. Cross-contamination of the fractions was determined as described in the text. The amounts of protoplast and cell wall samples tested for tyrosine-phosphorylated Cps2D (Cps2DϳP) were equivalent to that used below for whole cells. Immunoblot analyses. Capsular polysaccharides were detected in cell wall and protoplast fractions by using immunoblotting. Each sample (20 l) was combined For the analysis of Cps2D and tyrosine phosphorylated Cps2D (Cps2DϳP), cells were harvested (A 600 ϭ 0.45; containing ϳ5 ϫ 10 8 CFU/ml), normalized to culture A 600 , concentrated 1:50, and boiled in SDS-PAGE loading buffer for 8 min. Proteins were separated by SDS-14% polyacrylamide gel electrophoresis. For Cps2D blots, 24 l of lysate were used for the ⌬cps2C, ⌬cps2D, and Cps Ϫ mutants, whereas 8 l was used for all others. For the Cps2DϳP blots, one-half of these amounts were used. The proteins were then transferred as above onto nitrocellulose membranes and blocked for 1 h at room temperature in 3% Blot Qualified bovine serum albumin (Promega) in Tris-buffered saline (TBS) (100 mM Tris [pH 7.4], 0.9% NaCl) with 0.05% Tween 20 (TBST) for Cps2DϳP detection and in 5% nonfat dried milk in PBST for Cps2D detection. For detection of Cps2DϳP, blots were incubated for 1 h at room temperature with a 1:15,000 dilution of monoclonal antibody against phosphotyrosine conjugated to horseradish peroxidase (␣-pTyr) (PT-66-HRP; Sigma) in TBST. Reactive bands were visualized by using the Supersignal substrate (Pierce) for HRP detection. Photometric illumination from the HRP-labeled blots was detected by using X-OMAT film (Kodak). Cps2D was detected by using the rabbit polyclonal ␣-CpsD serum described by Weiser et al. (62) and development as described above for capsule and C-polysaccharide blots. Protein molecular weights were determined by comparison to the SeeBlue Plus2 prestained molecular-weight marker (Invitrogen).
Construction and characterization of cps2B deletion mutants. cps2B deletions were generated in S. pneumoniae D39 by using previously described techniques (34) . Briefly, PCR fragments flanking the desired deletion were generated by using D39 chromosomal DNA as a template and the primer pairs Cps2-A4-Cps2-A5 and Cps2-B4-Cps2-C1. The sequences of these primers and their location within the published type 2 capsule sequence (36) are shown in Table 2 . The two resulting PCR products (one for each primer pair) were cloned into pGEM-T Easy (Promega) and maintained in DH5␣FЈ. Each PCR fragment was excised by digestion with EcoRI (contained within the multiple cloning site of pGEM-T Easy). The upstream and downstream fragments were subcloned together into the S. pneumoniae suicide vector pJY4164 (70), creating pKA173 (⌬cps2B). The presence of the correct insert and orientation was confirmed by restriction enzyme digestion and sequencing. pKA173 was transformed into competent D39 (34), reactions were plated on BAP without selection, and patches obtained from single colonies were pooled to facilitate PCR screening by using primers Cps2-A4 and Cps2-C1. Deletion of the region between nucleotides 2896 and 3584, which includes the removal of the translational start site for Cps2B (ATG) and all but the C-terminal 18 amino acids, was confirmed by Southern blotting and sequencing of the entire transferred region. S. pneumoniae derivatives with deletions in cps2B (MB526, MB527) were isolated from two independent transformations of D39 with pKA173.
To analyze the effect of deleting cps2B on type 2 capsular molecular size in the Rx1 background, an Rx1 derivative that produced type 2 capsule was generated by transformation of Rx1 with a crude cellular lysate of D39 (71) . The transformation was plated on BAP without selection, and colonies were screened for the smooth morphology typical of type 2 strains. Production of type 2 capsule was confirmed by the Quellung reaction (53) , and the presence of the type 2 capsule locus was confirmed by PCR using primers inside the common region of the type 2 capsule locus (Cps2-A4-Cps2-C1) and surrounding the putative type 2 polymerase, cps2H (Cps2-G1-Cps2-I3). This strain was backcrossed once, and the confirmation steps were repeated to yield MB532 (Rx1 type 2). Two independent cps2B deletion mutants (MB533 and MB536) were constructed in MB532 by using pKA173, as described above for D39.
Indirect enzyme-linked immunosorbent assays (ELISAs), performed as previously described (10), were used to quantify type 2 capsule production. The polyclonal antiserum to the type 2 capsule (Statens SerumInstitut) was absorbed against the capsule-negative AM1000 prior to use. The integrity of the capsule was examined in indirect ELISAs using intact cells and a polyclonal antiserum against a serotype 19 S. pneumoniae (typing serum; Statens SerumInstitut), as previously described (1, 34) . Because the type 19 capsule is poorly immunogenic, the majority of the antibodies in this antiserum are directed towards noncapsular surface antigens (34) . The indirect ELISAs provide results comparable to those obtained when cells in suspension are used (1). The results from the ELISAs were analyzed by using Student's t test.
Bacteria were prepared for electron microscopy essentially as described by Kolkman (41) . Briefly, cells from 10-ml cultures were pelleted, washed three times in PBS, suspended in 1 ml of fixative (4CF-1G) (1% glutaraldehyde, 4% formaldehyde, 67.5 mM NaOH, 84 mM NaH 2 PO 4 [pH 7.2]), and incubated at 4°C for 30 min. Following centrifugation, the fixation step was repeated, and the cells were washed in 1 ml of phosphate buffer (135 mM NaH 2 PO 4 [pH 7.2], 105 mM NaOH, 3.7% formaldehyde), embedded in agarose and sectioned. Samples were viewed at a magnification of ϫ50,000. By this method, encapsulated bacteria exhibit a distinct extracellular substance that is not present on isogenic nonencapsulated mutants (data not shown) (3, 41) .
Analysis of cps2D transcripts. RNA was isolated from 25 ml of S. pneumoniae cultures by a hot acid phenol procedure, as previously described (26), and RNA concentrations were determined by UV spectrophotometry. The level of transcript was determined by using a slot-blot procedure, as previously described (2, 5) . RNA was denatured in 3 volumes of a solution containing 500 l of formamide, 162 l of 12.3 M (37%) formaldehyde, and 100 l of MOPS [3- 
.0], 0.5 M sodium acetate, and 0.01 M EDTA) for 15 min at 65°C. Denatured RNA (5 g and 0.5 g for each sample) was blotted onto nylon membranes, which were then UVcross-linked (Stratalinker; Stratagene) and prehybridized for 3 h in high SDS hybridization buffer (7% SDS, 50% formamide, 5ϫ SSC [3 M NaCl, 0.3 M sodium citrate {pH 7}, 2% blocking reagent {32}, 50 mM sodium phosphate {pH 7.0}, and 0.1% N-laurylsarcosine) at 42°C. The RNA was hybridized overnight at 42°C with a denatured (100°C, 10 min) digoxigenin-labeled (Roche) PCR product obtained by using primers Cps2-D1 and Cps2-D3 (Table 2) and added directly to the prehybridization solution. Following hybridization, membranes were washed twice at room temperature with 2ϫ SSC containing 0.1% SDS and twice with 0.5ϫ SSC containing 0.1% SDS for 15 min at 65°C. Blots were developed by using the Genius system (Roche). The amount of transcript was quantitated by densitometry using ImageJ software (http://rsb.info.nih.gov/ij) and normalized to lactate dehydrogenase (ldh) transcript levels as an internal control for each sample. The ldh probe was obtained by using primers LDH-F and LDH-R (Table 2) . Cps2-A5 (Ϫ) CCATCACATCCTGTATAGC cps2A Cps2-B4 (ϩ) GCTCAGGAACTTTTTATAGAC cps2B Cps2-C1 (Ϫ) GTCAGTTGGTACAGTCACTTG cps2C Cps2-D1 (Ϫ) CCGACAGGAGCTGTATCTAC cps2D Cps2-D3 (ϩ) CTCACAGGCAAAATTGGATTTTG cps2D Cps2-G1 (ϩ) GGTCTTTCTGACAACGAGTATC cps2G [9078] [9079] [9080] [9081] [9082] [9083] [9084] [9085] [9086] [9087] [9088] [9089] Cps2-I3 (Ϫ) CCACCTGAATTTGTCCCAATAAC cps2I LDH-F (ϩ) GTCGGTGATGGTGCTGTAGGTTCATC ldh LDH-R (Ϫ) GTCGATGTTAGCGTGTGACCAAACAG ldh
710-687
a Forward and reverse primers are represented by plus (ϩ) and minus (Ϫ), respectively.
b Numbers in superscript represent the positions of the start and finish of the homologous region of the primer when compared to the published type 2 capsule sequence (GenBank accession no. AF026471) (36) or the published TIGR4 ldh sequence (GenBank accession no. AE007422) (58 (34, 44) . S. pneumoniae cultures were grown in THY to approximately 3 ϫ 10 8 CFU/ml and diluted in lactated Ringer's solution. For intraperitoneal (i.p.) infections, D39 and MB526 were inoculated at doses of 8 ϫ 10 5 CFU and MB527 was inoculated at a dose of 10 6 CFU (inocula were determined by plating). For intravenous (i.v.) infections, mice were inoculated with 2 ϫ 10 7 CFU of the parent D39 and 5 ϫ 10 7 CFU of each mutant. As noted in the text, these doses are 20-to 50-fold above the respective 50% lethal doses (unpublished data). All mice were monitored for 21 days postinfection. For blood clearance studies, mice infected i.v. were bled retro-orbitally at the times indicated in the text. The numbers of bacteria were determined by plating on BAP.
For colonization studies, mice were inoculated intranasally with 1.5 ϫ 10 9 CFU and sacrificed after 7 days to determine the number of bacteria colonizing the nasopharyngeal cavity, as previously described (44) . Statistical comparisons where performed by using Fisher's exact test for survival analyses or Student's t test for comparison of the numbers of bacteria recovered from nasal washes or blood.
RESULTS
Linkage of capsule to the cell wall is not dependent on chain length. Using SDS-PAGE and immunoblotting with type-specific antisera, we were able to distinguish laddering patterns for the capsular polysaccharides from strains representing a number of different S. pneumoniae serotypes (Fig. 1) . The distributions of polymer sizes varied among the isolates examined, a result that could reflect underlying differences in the control of their syntheses or differences in their recognition by the polyclonal antisera used in the detection. A range of polymer sizes was seen for most of the serotypes (Fig. 1) . The type 3 polysaccharide, however, was predominantly of very high molecular size that did not enter the resolving gel, and a ladder pattern was not observed (Fig. 1 and data not shown) . Unlike the other capsule types examined, the type 3 capsule is synthesized by a processive mechanism in which repeat units are not formed (16) , and polysaccharide that is released from the membrane into the surrounding cell wall and environment (24, 33) is not covalently attached to the peptidoglycan (57) .
Analysis of the polysaccharide laddering patterns from protoplast and cell wall fractions revealed similar size distributions, indicating that transfer of maturing capsule from the membrane to the cell wall is not dependent on polymer size. The fractionation for the type 2 strain D39 is shown in Fig. 2A , and we obtained similar results for strains of other serotypes (data not shown). To assess the level of cross- contamination   FIG. 1 . Immunoblot analysis of cell wall fractions of S. pneumoniae strains of different capsular serotypes. Cell wall-associated capsule was fractionated by SDS-8% PAGE and, after transfer to nitrocellulose, was reacted with polyclonal antiserum specific to each serotype, as indicated at the bottom of the figure. Protein molecular mass standards (in kilodaltons) were used to standardize each gel to run length and do not indicate actual polymer sizes.
FIG. 2. Immunoblot analysis of type 2 derivatives. (A)
Protoplast-associated (P) or cell wall-associated (CW) capsule from D39, AM1000 (Cps Ϫ ), KA1501 (⌬A), MB526 (⌬B), MB516 (⌬C), or MB512 (⌬D) was separated by SDS-8% PAGE and analyzed by immunoblotting using polyclonal antiserum against type 2 capsule. AM1000, KA1501, MB512, and MB516 contain fourfold more sample than D39 and MB526. Identical results were obtained for two independent isolates of each mutant. (B) Cell wall-associated (CW) capsule of the Rx1-type 2 derivative MB532 (Rx1-2) and its cps2B deletion mutant MB533 (⌬B) separated by SDS-10% PAGE and analyzed by immunoblotting using polyclonal antiserum against type 2 capsule. Identical results were obtained with the independently derived Rx1-⌬cps2B mutant MB536 (data not shown).
between the D39 cell wall and protoplast fractions, each was analyzed for ␤-galactosidase activity and for the presence of tyrosine-phosphorylated Cps2D (Cps2DϳP). The S. pneumoniae ␤-galactosidase is a surface-localized protein that contains an LPXTG-motif (73) , which is expected to result in anchoring of the protein to peptidoglycan and localization of the majority of ␤-galactosidase activity with the cell wall fraction (52) . In enzyme assays performed essentially as described by Miller (46) , approximately 85 and 15% of the ␤-galactosidase activity was detected in the cell wall and protoplast fractions, respectively. ␤-Galactosidase activity in the protoplast fraction represents protein that is still membrane anchored and yet to be transferred to the cell wall (52), as well as protein that is anchored to peptidoglycan that survived enzymatic digestion. Contamination of the protoplast fraction with undigested peptidoglycan and associated capsule was thus minimal. Similarly, all of the Cps2DϳP detectable by immunoblotting was present in the protoplast fraction, indicating that only minimal lysis and contamination of the cell wall fraction with cytoplasmic contents or membrane fragments had occurred. In the cell wall fraction, only low-molecular-size teichoic acid (C-polysaccharide) was detectable, indicating that the majority of the released peptidoglycan had been completely digested (data not shown).
Polymer size and capsule amounts are altered by deletions in the common genes. The effects of deletion mutations in cps2A, B, C, and D on polymer size and distribution were examined by using the immunoblotting technique described above. Although no capsule is detectable by ELISA on the Cps2C and Cps2D mutants (10), low-molecular-size products were observed for both by this technique (Fig. 2A) . The size distributions for the Cps2A mutants, which exhibit a 50% reduction in total capsule (3) (K. Ambrose and J. Yother, unpublished data), and for the Cps2B mutants appeared similar to those observed for the D39 parent ( Fig. 2A) . Analysis of the Cps2B mutants MB526 and MB527 using intact cells in ELISAs revealed an approximate 30% increase in capsule amount, compared to the D39 parent (Fig. 3A) . For each of the mutants, the polymer size distribution was the same in both protoplast and cell wall fractions, indicating that none of the mutations affected the ability to link the polysaccharide to the cell wall (data not shown). None of the mutants exhibited differences in the distribution or amount of teichoic acid (Cpolysaccharide, data not shown).
Cps2B mutants have different phenotypes in the D39 and Rx1 backgrounds. The alterations in total capsule amounts resulting from the cps2A, cps2C, and cps2D deletions in D39 are similar to those described for mutations in the S. pneumoniae type 19F homologues of these genes (50) . However, the highly encapsulated phenotype of the Cps2B mutants in the D39 background was contrary to the reduced capsular phenotype (10-fold reduction) previously reported by Morona et al., following deletion of cpsB from the type 19F capsule locus (50) . The underlying differences between the earlier study and our work are the capsular serotype and the background of the strain used to construct the deletion mutation. Morona et al. used the S. pneumoniae strain Rx1 into which the type 19F capsule locus had been transformed (47) . Rx1 is a highly passaged derivative of D39 that was originally isolated as a nonencapsulated variant and later transformed to type 3 encapsulation. A spontaneous mutant producing low levels of type 3 capsule was subsequently isolated and used to derive strains that exhibited highly increased transformation efficiencies, ultimately resulting in Rx1 (21, 56) .
We constructed a type 2 capsule-producing Rx1 derivative by transforming Rx1 with cellular lysate from D39. We then generated two independent cps2B deletion mutants in this background, as described in Materials and Methods. The amount of capsule produced by the Rx1 type 2 derivative was similar to that of D39, but the Rx1-⌬cps2B mutants produced approximately 13% of this level (Fig. 3B) . This reduced capsule phenotype was similar to that seen for the Rx1-⌬cps19fB mutant constructed by Morona et al. (50) but unlike what we observed for cps2B deletions in D39 (Fig. 3A) . The Rx1-⌬cps2B mutants were reduced in high-molecular-weight capsular polysaccharide (Fig. 2B) , similar to the D39-⌬cps2C and D39-⌬cps2D mutants but unlike the D39-⌬cps2B mutants ( Fig.  2A) . Also, unlike the D39-⌬cps2C and D39-⌬cps2D mutants, a ladder extending to the full range of the gel for the Rx1-⌬cps2B mutants was seen, albeit at a severely reduced level (Fig. 2) . This long-chain polymer may account for the reactivity of the Rx1-⌬cps2B mutants when whole cells and type 2 antiserum are used in an ELISA, whereas the D39-⌬cps2C and D39-⌬cps2D mutants were not reactive (10) .
Levels of Cps2DϳP are positively correlated with levels of capsule in the D39 background. Comparison of the levels of Cps2D and Cps2DϳP in D39 and its isogenic derivatives revealed decreased levels of Cps2D phosphorylation following the loss of Cps2A but increased levels in Cps2B mutants (Fig.  4A) , mirroring the changes observed for capsule production. In contrast, the ratio of Cps2DϳP and Cps2D in the Rx1-type 2 Cps2B mutant was unchanged from its parent (Fig. 4B) . In D39, deletion of cps2C resulted in near-complete loss of Cps2D (Fig. 4A) . This effect was not due to the loss of cps2D (B) The Rx1-type 2 derivative MB532 (Rx1-2) and its cps2B deletion mutants MB533 and MB536. The P values obtained by comparison to D39 (n ϭ 6) were Ͻ0.05 for MB526 (n ϭ 6), Ͻ0.005 for MB527 (n ϭ 5), and Ͻ0.0005 for MB533 (n ϭ 4) and MB536 (n ϭ 4). MB532 (n ϭ 4) was not different from D39.
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on October 14, 2017 by guest http://jb.asm.org/ transcripts, as these levels were essentially unchanged from those observed in the parent (data not shown). The similar levels of Cps2D in the parent strains and in the cps2A and cps2B deletion mutants make it unlikely that the phenotypes of these strains are related to polarity of the mutations on other capsule genes, all of which are located downstream of cps2D in an apparent operon (36) . Cps2B mutants are reduced in virulence. Although the Cps2B mutants produced increased amounts of capsule and a distribution of chain lengths similar to that of the parent D39, they exhibited significant reductions in their ability to colonize the nasopharynx and to cause systemic infections in mice following i.v. inoculation (Table 3 ). The mice infected with the Cps2B mutants did appear ill, however, exhibiting reduced movement and ruffled fur prior to recovery. Blood clearance assays showed that they harbored low levels of bacteria for several days (Fig. 5A) . In contrast to these results, virulence following i.p. inoculation was not altered by the cps2B mutation (Table 3) .
Further examinations of the capsules produced by Cps2B mutants grown under laboratory culture conditions failed to reveal specific defects that could account for the reduced virulence phenotype. On blood agar medium, colonies of the mutants appeared similar to those of the parent, and microscopic examination using the Quellung reaction revealed capsules that were normal in appearance. Electron microscopy demonstrated a distinct and similar surface layer in D39 and the Cps2B mutants (Fig. 5B) , which was not present in nonencapsulated derivatives (not shown). To examine the integrity of the capsule, the reactivity of the Cps2B mutants with polyclonal antiserum against noncapsule surface antigens was examined. Access of antibodies to surface antigens is limited by intact capsules but can be increased by alterations in capsule amount or composition, paralleling the accessibility to complement (C3b) bound to the cell wall (1, 34) . Consistent with their capsule phenotypes, the Cps2B mutants effectively reduced access to underlying surface antigens (Fig. 5C ).
DISCUSSION
In this study, we used an immunoblotting technique to examine the molecular sizes of capsular polysaccharides localized to the membrane and cell wall of S. pneumoniae. We observed no differences in the size distributions of the capsule in the protoplast (membrane-associated) and cell wall fractions, and both low-and high-molecular-size polymers were transferred to the cell wall. This result strongly suggests that the mechanism of capsule transfer to the cell wall is not based upon the degree of polymerization. The enzymes and mechanisms involved in the attachment of capsules to bacterial surfaces have not been elucidated, but most capsules produced by gramnegative bacteria are thought to be linked to the outer membrane by a lipid moiety (28, 42) , whereas the capsules of the gram-positive staphylococci and streptococci are usually covalently linked to the cell wall (18, 19, 25, 57, 67, 68) . In S. pneumoniae, covalent attachment occurs with most serotypes, with the exception of type 3 (57), which is synthesized by a processive mechanism that does not involve the formation of repeat units (16) . Control of capsule synthesis also likely occurs   FIG. 4 . Comparison of Cps2D protein and tyrosine phosphorylation levels in type 2 capsule mutants. In the upper panel, tyrosine phosphorylation of Cps2D (Cps2DϳP) was detected by using Western immunoblotting with a mouse monoclonal antibody against phosphotyrosine clone PT-66 conjugated to horseradish peroxidase. In the lower panel, Cps2D was detected by using Western immunoblotting and a CpsD-specific polyclonal antiserum. This antiserum recognizes both phosphorylated and nonphosphorylated forms of Cps2D (62), accounting for the doublet seen in the Cps2D blot. For both blots, the Cps Ϫ (AM1000), ⌬C, and ⌬D lanes contained threefold more sample than the D39, ⌬A, ⌬B, Rx1-2, and Rx1-2 ⌬B lanes. The 22-to 32-kDa size range is shown. Comparable results were obtained for two independent isolates of each mutant. Densitometry using ImageJ software (http://rsb.info.nih.gov/ij) was used to determine the intensity of each band. The ratios of the Cps2DϳP and Cps2D intensities for each mutant were normalized to that for D39 or Rx1-2 to obtain the percentage of parent value (% parent value) shown. by a different mechanism, as the common genes in the type 3 locus are mutated and not transcribed (4, 15) and no tyrosinephosphorylated proteins have been detected in type 3 strains (50; M. H. Bender and J. Yother, unpublished data).
Although cps2C and cps2D deletion mutants of the type 2 D39 produce levels of surface polymer that are undetectable by ELISA (10) , immunoblotting demonstrated the presence of short chains, indicating that only a severe reduction in capsule size and not an elimination of polymerization had occurred. This result is consistent with a role for Cps2C and Cps2D in chain length modulation and is similar to observations made for the CpsC and CpsD homologues ExoP in S. meliloti, Wzc cps in E. coli, and CpsC and CpsD from S. agalactiae (8, 9, 17, 23) . In S. meliloti, ExoP mutants produce reduced amounts of succinoglycan, with lower-molecular-weight species being increased relative to higher-molecular-weight species (8, 9) . cpsC and cpsD deletion mutants of S. agalactiae exhibited only 50% reductions in chain length size but greater than 90% reductions in the total amount of polysaccharide (17) . Wzc cps mutants of E. coli also produced reduced levels of high-molecular-weight K30 capsular antigen (23) . Deletion of cps2C in S. pneumoniae resulted in near-complete loss of Cps2D, although cps2D transcript levels were essentially unchanged. This result could reflect decreased stability of Cps2D in the absence of its cognate transmembrane domain or, on a broader level, could suggest the requirement for these proteins in a complex that is functionally altered when one member is missing.
Due to their apparent effects on the degree of polymerization, CpsC and CpsD and their homologues have been termed "polysaccharide co-polymerases" and classified in families PCP2a and PCP2b based on predicted structural similarities and functions (51) . Their roles in polysaccharide polymerization in both gram-positive and gram-negative bacteria have been linked to their autophosphorylating tyrosine kinase activity (50, 54, 60, 66) . In the S. meliloti succinoglycan and E. coli K30 capsule systems, phosphorylation is essential for production of wild-type levels of high-molecular-weight polymer (54, 55, 66) . Our results with type 2 capsule in S. pneumoniae D39 likewise reveal a positive correlation between phosphorylation and capsule synthesis. The differences in results obtained in our system and in that described by Morona et al. for the type 19F S. pneumoniae capsule appear to relate in part to the expression of the latter in the Rx1 background and in part to a misinterpretation of the Rx1-19F data. The conclusions suggesting negative regulation of capsule synthesis by phosphorylation of CpsD were based on the observation of an increase in phosphorylation and a decrease in capsule following deletion of cpsB, along with the elimination of phosphorylation and an increase in colony mucoidy following mutation of the tyrosine phosphorylation sites of CpsD (50) . We also observed a high level of phosphorylation and a reduction in the amount of type 2 capsule in Rx1 following deletion of cps2B, in contrast to the phenotype of the D39 cps2B deletion mutant. Thus, an additional factor located outside the capsule locus, and missing or defective in Rx1, appears to play an important role in regulating capsule production, possibly through a direct or indirect interaction with CpsB. The increased colony mucoidy observed by Morona et al. occurred in mutants containing site-specific mutations that eliminated the tyrosine phosphorylation sites and, consequently, phosphorylation of the type 19F CpsD. The mucoidy was originally interpreted to reflect an increase in capsule, although no such increase could be demonstrated (50) . While the present study was under review, Morona et al. published a second study characterizing the effect of mutation of the tyrosine residues on encapsulation and CpsD phosphorylation (48) . Although the authors again conclude that tyrosine phosphorylation of CpsD negatively regulates capsule production, the immunoassays and chemical analyses presented there show that the increased mucoidy is not due to an increase in capsule. Although the basis for the mucoidy was not determined, the strains, in fact, produced less capsule and less phosphorylated CpsD than the parent Rx1-19F. In addition, mutants that produced C-terminally truncated CpsD proteins also exhibited less phosphorylation and less capsule production than the parent (48) . These results are thus in agreement with a positive correlation between phosphorylation and capsule production. How, or if, the factor missing in Rx1 interfaces with the phosphotyrosine system, as well as a specific role for the latter in regulation, is at present unknown. Indeed, it is not yet clear whether phosphorylation of CpsD has a direct effect on capsule production or merely correlates with that phenotype. Because D39 is the virulent parent from which Rx1 was derived, it seems likely that a positive correlation between tyrosine phosphorylation and capsule production reflects the wild-type scenario, as was observed by Weiser et al. in the examination of clinical S. pneumoniae isolates of different serotypes (62) . Taken together, the results indicate that CpsC and CpsD are required for the production of high-molecular-weight capsule and that tyrosine phosphorylation of CpsD is required to produce elevated amounts of capsule.
CpsB is a phosphotyrosine phosphatase and a tyrosine kinase inhibitor (10) that is important for phosphatase activity in S. pneumoniae (49; Bender and Yother, unpublished data). The loss of Cps2B in D39 resulted in an increase in tyrosine phosphorylation of Cps2D, the only S. pneumoniae protein demonstrated to be modified in this way. Despite the increase in capsule amount and the apparently normal display and function of capsule in the Cps2B mutants, the activity of Cps2B was critical for survival of D39 during systemic infections and colonization. Possibly, the regulation of capsule or other factors that may be controlled through Cps2B activity is altered in these mutants in the animal environment. Other proteins, either through their own autokinase activity or as a result of the transphosphorylation activity of Cps2D (10) may be phosphorylated and subject to Cps2B control in different environments. Modulation of capsule amounts in response to environmental conditions, as has been noted with carbon dioxide levels, the transition between opaque and transparent phase variants, and the reduced amounts of capsule sufficient for nasopharyngeal colonization suggest that capsule production is regulated in a manner that may be dependent on the site of infection (39, 44, 62) .
The specific role that CpsA plays in the modulation of capsule synthesis remains unclear. Due to its homology to LytR, a transcriptional attenuator of autolysin expression in B. subtilis (43) , CpsA is frequently referred to as a transcriptional regulator of capsule production in S. pneumoniae (31, (48) (49) (50) . However, no data have yet been presented to support this role. Deletion of the homologous cpsIaA in S. agalactiae resulted in reduced levels of cpsIaD transcripts, as determined by reverse transcription-PCR analysis, but the underlying mechanism involved was not determined (17) . Following deletion of cps2A in S. pneumoniae D39, we observed no significant changes in the level of Cps2D; however, a decrease in Cps2D phosphorylation and encapsulation occurred. These data suggest that CpsA modulation may involve mechanisms other than, or in addition to, transcriptional control. To date, no direct role for any of the common proteins in controlling capsule production has been demonstrated. Understanding the mechanisms through which tyrosine phosphorylation and factors encoded both within and outside the capsule locus interface is central to developing an integrated picture of capsule synthesis and its modulation.
